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Rapid formation of a molten globule intermediate in refolding of
-lactalbumin
Munehito Arai and Kunihiro Kuwajima
Background: The molten globule state is an intermediate between the native
and the fully unfolded states of globular proteins and is purported to be an
obligatory on-pathway intermediate of protein folding. The molten globule state
of -lactalbumin has been best characterized, but two major issues have yet to
be clarified. At which stage of the kinetic refolding is the molten globule state
stably organized? And what is the major driving force that stabilizes the molten
globule state? We address these questions in this paper.
Results: We have investigated the refolding kinetics of -lactalbumin using
stopped-flow CD and fluorescence, acrylamide quenching and pulsed hydrogen
exchange NMR techniques. A burst-phase intermediate was observed to form
within 15 ms. The intermediate was characterized by pronounced, hydrogen-
bonded secondary structure, exposure of hydrophobic surfaces and the absence
of tertiary structure. Furthermore, the stability of the secondary structure is the
same as that in the equilibrium molten globule state.
Conclusions: The burst-phase intermediate in -lactalbumin refolding is identical
with the molten globule state. Two different models, the hydrophobic collapse
model and the secondary-structure coalescence model, of protein folding are
discussed on the basis of the present results. The importance of solvent-
separated hydrophobic interactions that stabilize the molten globule state is
proposed.
Introduction
The mechanism of protein folding is a major problem to
be solved in molecular structural biology, and detection
and characterization of intermediate structural states of a
protein have been thought to be important for elucidating
the mechanism of folding. In vitro studies have shown the
presence of an equilibrium intermediate state, the molten
globule (MG) state, between the native (N) and the fully
unfolded (U) states. The MG state is characterized by pro-
nounced secondary structure, compact shape, a hydropho-
bic core exposed to solvent, and the absence of rigid
sidechain packing [1–3]. This equilibrium MG state has
been shown to be similar to a kinetic intermediate in
refolding reactions of globular proteins [4–7] by use of a
stopped-flow circular dichroism (CD) technique [8],
hydrogen exchange pulse labeling combined with 2D
NMR [9] and other methods [10,11]. Thus, it has been
suggested that a protein molecule folds through a sequen-
tial and hierarchical pathway adopting an obligatory on-
pathway MG-like intermediate.
The MG state of -lactalbumin (LA) is most typical and
best characterized, and this state is stably populated under
several different conditions, which are attained by acidifi-
cation, by removal of ligand Ca2+ ion (apo-LA) at a low
ionic strength, by increasing temperature and by addition
of a moderate concentration of a strong denaturant (guani-
dine hydrochloride [GdnHCl] or urea) [1–3,12]. Although
our understanding of the MG state of this protein has
advanced greatly during the past few years, two major
issues have yet to be clarified. At which stage of the
kinetic refolding is the molten globule state stably orga-
nized? And what is the major driving force that stabilizes
the molten globule state? Thus, in this paper, we address
these questions, and the kinetic refolding of apo-LA
from the U state has been investigated by different spec-
troscopic techniques.
Our previous studies by manual-mixing CD measure-
ments have shown that a transient folding intermediate
accumulating within 3 s in the LA refolding from the U
state is identical with the equilibrium MG state [4,5], and
the following scheme for the folding of LA has been pro-
posed [5]:
U MG → N (Scheme 1)
fast
This scheme is consistent with a hydrophobic collapse
model in which a protein molecule first collapses to a
compact denatured state driven by non-local hydrophobic
interactions with concurrent secondary structure forma-
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tion, which is followed by slower rearrangements of
sidechain packing in the second stage [13–15]. On the
other hand, Ptitsyn [2,16] has proposed that isolated sec-
ondary structure elements form very early in folding (S
state) and then assemble into the compact MG state,
which is followed by the formation of the native tertiary
structure:
U → S → MG → N (Scheme 2)
In this paper, we call this model the ‘secondary-structure
coalescence model’. This model has been demonstrated
on the basis of the results of ANS-binding experiments
combined with a stopped-flow fluorescence technique and
other experimental studies using electron spin resonance
of spin labels and fluorescence energy transfer of trypto-
phan residues to dansyl labels [10,17,18]. These have sug-
gested that, for many proteins including LA, the S state
forms within the dead time of a stopped-flow apparatus
(< 20 ms), whereas the MG state forms later within
100–200 ms.
What separates the secondary-structure coalescence
model and the hydrophobic collapse model is whether the
compaction of a molecule occurs after the secondary struc-
ture formation or concomitantly. Which constitute the
major driving forces of early folding: local helical propensi-
ties or non-local hydrophobic interactions? To clarify the
issue is important in the current protein folding studies.
In this study, we have investigated the early events in the
LA refolding using stopped-flow CD, stopped-flow fluo-
rescence, acrylamide quenching of tryptophan fluores-
cence, and NMR hydrogen exchange techniques. We
have found that only the burst-phase intermediate which
forms within 15 ms after the refolding starts has been
observed when monitored by the above techniques. We
show that the burst-phase intermediate is characterized as
a state that has substantial, hydrogen-bonded secondary
structure and a hydrophobic surface highly exposed to
solvent, but has no rigid sidechain packing. Furthermore,
the stability of the secondary structure in the burst-phase
intermediate is identical with that in the equilibrium MG
state. From these results, we conclude that the burst-
phase intermediate formed within 15 ms in LA refolding
is the MG state. The secondary-structure coalescence
model and the hydrophobic collapse model are discussed
on the basis of the present results. We propose solvent-
separated hydrophobic interactions as the interactions that
stabilize the MG state. 
Results
Detection of the burst-phase intermediate by stopped-flow
CD and fluorescence
It is known that apo-LA at 0.1 M Na+ at pH 7.0 and 25°C
assumes essentially the same state as the native holo
(Ca2+-bound)-LA [19]. Thus, in the following, this state
of apo-LA is regarded as the N state of apo-LA. The
refolding reactions of holo-LA and apo-LA are repre-
sented by biphasic and monophasic kinetics, respectively
[5], and we have used apo-LA in refolding experiments
to simplify the kinetics. 
The refolding kinetics of apo-LA were studied by
stopped-flow CD measurements in the far UV region.
Figure 1a shows a representative kinetic progress curve of
refolding monitored by the far UV CD at 222 nm. The CD
ellipticity value for the refolded protein was the same as
that for the protein that had not been previously unfolded,
so that the unfolding transition was reversible. A remark-
able observation was that a substantial part of the elliptic-
ity change from the U state to the N state was regained in
a burst phase within the dead time of the stopped-flow
apparatus (15 ms), indicating that much of the secondary
structure forms in this period. The kinetic progress curves
observed after the burst phase were well fitted to a single
exponential at 0.4–3 M GdnHCl concentrations and the
apparent rate constants were in good agreement with
those measured in the previous studies by stopped-flow
tryptophan absorption [20] (Table 1). This observable
phase represents further formation of the secondary struc-
ture as the refolding proceeds to the N state.
The refolding kinetics of apo-LA were also studied by
a stopped-flow fluorescence technique. Tryptophan flu-
orescence is very sensitive to its environment, so that it
can be a probe of the formation of the tertiary structure.
In LA, the fluorescence is quenched in the N state
because of the energy transfer from Trp26 and Trp104
to Trp60 with subsequent quenching by two neighbor-
ing disulfide bonds (Cys16–Cys73 and Cys61–Cys77)
[21,22]. Mutual orientations and limited distance
between the indole rings of the tryptophan residues
have to be realized in order that the efficient energy
transfer should occur. Thus, the tryptophan fluorescence
in LA can be used to monitor the formation of rigid
sidechain packing. Figure 1b shows the kinetic progress
curve of the fluorescence intensity in LA refolding at
0.4 M GdnHCl. The fluorescence intensity decreases
exponentially with time, and this reflects the refolding
process. In a longer time range, however, there is a linear
change in the fluorescence intensity after the reaction is
complete. This change in the fluorescence intensity
showed an increase at a final GdnHCl concentration
below 1.4 M (Fig. 1b) but a decrease at a concentration
above 1.4 M (data not shown). The linear change in the
fluorescence intensity may be due to photolysis of the
fluorophores. The fluorescence intensity of the unfolded
polypeptide with the photolyzed fluorophores may
decrease, while that of the folded protein under the
quenching condition may increase because the photoly-
sis of the tryptophan residue (Trp60) near the two disul-
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fide bonds should make the fluorescence energy transfer
less efficient. After subtraction of this linearly changing
‘baseline’, the refolding reactions at final GdnHCl con-
centrations of 0.4–3 M were well fitted to the single
exponential, and the fluorescence intensity for the
refolded protein after correction for the photolysis was
the same as that for the native protein, so that the
unfolding transition was reversible. The apparent rate
constants were found to be coincident with those
obtained by the stopped-flow far UV CD shown above
and also the values reported in the previous studies [20]
(Table 1). 
These stopped-flow far UV CD and fluorescence data
indicate that an intermediate state, the burst-phase inter-
Research Paper Folding pathway of -lactalbumin Arai and Kuwajima    277
Figure 1
Kinetic progress curves of apo-LA refolding
monitored by (a) the CD ellipticity at 222 nm
and (b) the tryptophan fluorescence. The
refolding reaction was initiated by a
concentration jump of GdnHCl from 5 M to
1 M (a) and 0.4 M (b). The insets show the
kinetic progress curves within 1 s and 10 s in
(a) and within 1 s in (b). N denotes the values
for the N state measured at equilibrium and U
denotes the values for the U state in the
refolding condition obtained by linear
extrapolation of the baseline for the U state
(see Fig. 2). The fluorescence intensity is
normalized to that in the N state at 0 M
GdnHCl. Numbers of accumulation were 20
(a) and 30 (b), and the protein concentrations
were 27.1 M (a) and 2.0 M (b). The curves
were well fitted to the single exponential: (a)
the rate constant and the amplitude of the
phase were (3.07 ± 0.04) × 10–2 s–1 and
(1.52 ± 0.01) × 103 deg cm2 dmol–1,
respectively; (b) the rate constant was
(4.12 ± 0.01) × 10–2 s–1. The lower panel in
each figure shows root-mean-square (RMS)
deviations between the observed and fitted
kinetic curves.
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Table 1
Apparent rate constants of apo-LA refolding measured by
stopped-flow far UV CD, fluorescence and absorption at 0.4 M
GdnHCl.
CD Fluorescence Absorption
4.4 × 10–2 s–1 4.1 × 10–2 s–1 4.2 × 10–2 s–1 *
*Read from Figure 2 in Kuwajima et al. [20].
mediate, which has pronounced secondary structure but
no rigid tertiary structure, forms within 15 ms. 
Unfolding transition of the burst-phase intermediate
From the stopped-flow far UV CD measurements, the
relaxation time of the burst-phase process must be less
than 15 ms and that of the subsequent folding was
20–100 s. This means that the burst phase is kinetically
separated from the subsequent folding phase because of
an at least three to four orders of magnitude difference in
the rate. Thus, the ellipticity value extrapolated to zero
time can be taken as a measure of the concentration of the
species formed within the burst phase, and its GdnHCl
concentration dependence gives the unfolding transition
curve of the burst-phase intermediate [5]. The unfolding
transition curve thus obtained is shown in Figure 2a and
compared with the equilibrium unfolding transition curve
of apo-LA.
In order to investigate whether or not the burst-phase
intermediate is identical with the MG state, the unfolding
transition curve of the intermediate has been compared
with that of the equilibrium MG state that accumulates in
the GdnHCl-induced unfolding transition of apo-LA
(Fig. 3). First, we calculated the normalized unfolding
transition curve of the burst-phase intermediate moni-
tored by the stopped-flow far UV CD (222 nm) on the
assumption that only the U state and the burst-phase
intermediate were present in the burst phase and that the
GdnHCl concentration dependence of the CD value of
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Figure 2
(a) The GdnHCl-induced unfolding transition
curve of the burst-phase intermediate
measured by the CD ellipticity at 222 nm
(filled circles). Each value was obtained by the
extrapolation to zero time of the kinetic
refolding curve measured under the
corresponding GdnHCl concentration. The
equilibrium unfolding transition curve (open
diamonds) is also shown. The baselines for
the pure N state (long-dashed line) and for the
pure U state (broken line) were calculated by
the linear extrapolation of ellipticities
measured below 0.4 M and above 5.0 M
GdnHCl, respectively. The baseline for the
pure MG state (dashed-dotted line) was
calculated using the ellipticity value of the
neutral MG state at 0 M GdnHCl and
assuming that the GdnHCl dependence of the
baseline for the MG state was the same as
the N state. (b) The GdnHCl dependence of
the fluorescence intensity in the burst-phase
intermediate (filled circles). Each value was
obtained by the same method as in (a). The
fluorescence intensity is normalized to that in
the N state at 0 M GdnHCl. The equilibrium
unfolding transition curve of apo-LA
monitored by the tryptophan fluorescence is
also shown (open diamonds). The baseline for
the pure U state (broken line) was calculated
by linear extrapolation of the fluorescence
intensities measured above 3 M GdnHCl. The
open square denotes the fluorescence
intensity in the neutral MG state.
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the pure burst-phase intermediate (baseline of the burst-
phase intermediate) was the same as that of the equilib-
rium MG state. Secondly, the normalized unfolding
transition curve of the MG state was obtained by the
three-state analysis of the equilibrium unfolding transition
of apo-LA monitored by the far and near UV CD [23]
and by calculating the values of ƒU / (ƒA +ƒU) at various
concentrations of GdnHCl, where ƒA and ƒU are the frac-
tions of the MG and U states, respectively, at equilibrium.
The normalized unfolding transition curves of the burst-
phase intermediate and the equilibrium MG state are
shown in Figure 3. These transition curves coincide well
with each other, indicating that the stability of secondary
structure in the burst-phase intermediate is identical with
that in the equilibrium MG state. The results of the same
experiment performed at 4.5°C were essentially the same
as those at 25°C, and they agreed well with the results of
Ikeguchi et al. [5], which were obtained by manual mixing
method (dead time ∼ 3 s) at 4.5°C, with respect to the
dependence of the apparent rate constant on GdnHCl
concentration and the stability of secondary structure (data
not shown). 
The fluorescence intensities of the burst-phase intermedi-
ate at various concentrations of GdnHCl were also
obtained by the extrapolation to zero time of the kinetic
progress curves monitored by the tryptophan fluorescence
and are shown in Figure 2b. Full changes in the fluores-
cence intensity between the U and N states were
observed, so that no burst phase was detected within the
dead time of the stopped-flow apparatus (2 ms). At low
GdnHCl concentrations, the fluorescence intensity
extrapolated to zero time was close to that of the ‘neutral’
MG state, i.e. apo-LA at neutral pH without salt [1].
Hydrogen exchange pulse labeling
In order to further characterize the burst-phase intermedi-
ate and the kinetic refolding of apo-LA, hydrogen
exchange pulse labeling experiments combined with 2D
NMR [9] were performed. The COSY spectrum in the
fingerprint region of native holo-LA was first measured
(shown in Fig. 4). The peaks in this region represent the
protected amide protons that form hydrogen-bonded sec-
ondary structure in the N state and a part of the ring
protons of aromatic residues. Although their assignment
was not known, the 20 crosspeaks of the amide protons
were observed, and among these the six most stable
protons were used for monitoring the refolding process of
apo-LA by the hydrogen exchange pulse labeling tech-
nique. Figure 5 shows the changes in the proton occu-
pancy as a function of refolding time for two (P18 and
P22) of the six protons. The first hydrogen exchange pulse
was applied after the refolding proceeds for 1 s. For the
stable six amide protons, the changes in the proton occu-
pancy during refolding were well fitted to the single expo-
nential, and the rate constants were coincident with the
value obtained by the stopped-flow fluorescence measure-
ment in the deuterated buffer (Table 2). These rate con-
stants are a little larger than those measured in H2O by the
stopped-flow CD and fluorescence measurements
because of further stabilization of the protein in deuter-
ated solution [24]. The coincidence of the rate constants
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Figure 3
The normalized unfolding transition curve of
the burst-phase intermediate (filled circles)
compared with the normalized equilibrium
unfolding transition curve of the MG to the U
state (open diamonds). The methods for the
calculation of these curves are described in
the text. A theoretical equilibrium unfolding
transition curve of the MG state (solid line)
was obtained by the following equation on the
assumption of the two-state transition: 
fAU =
e(–∆G
o
AU + mAU⋅c)/RT
1+e(–∆G
o
AU +mAU⋅c)/RT
where G0AU is the Gibbs free energy
change, mAU is the cooperativity index, c is the
concentration of GdnHCl, R is the gas
constant and T is the absolute temperature.
The theoretical curve was given by G0AU of
1.88 ± 0.04 kcal mol–1 and mAU of
0.86 ± 0.02 kcal mol–1 M–1.
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obtained by the hydrogen exchange pulse labeling tech-
nique and stopped-flow fluorescence in D2O indicates
that the changes in the proton occupancy during refolding
represent the refolding kinetics of apo-LA. Thus, the
formation of the stable hydrogen-bonded secondary struc-
ture occurs as the refolding proceeds. Furthermore, these
six different amide protons show the same kinetics, indi-
cating that the refolding reaction of LA after the forma-
tion of the MG state is a cooperative two-state transition
from the MG to the N state. 
When a 2.5 s pulse at pH 7.0 is used, the proton occupan-
cies at zero time are of almost unity (Table 2), which
shows that amide proton exchange in the burst-phase
intermediate completes within the pulse. This does not
always indicate that the amide protons do not participate
in hydrogen bonding, but it is likely that the pulse inten-
sity is so strong that the exchange reactions of weakly pro-
tected protons may also complete, and this can be clarified
by varying the pH and duration of the pulse. Figure 5 also
shows the changes in the proton occupancy during refold-
ing by the use of a 1.5 s pulse at pH 6.6. In this condition,
the proton occupancies at zero time were around 0.7. The
duration of the pulse is long enough to label unprotected
protons completely, because the intrinsic exchange rates
of most of unprotected amide protons in this condition are
more than 2 s–1 (less than 0.5 s in the time constant) [25].
Therefore, the proton occupancy less than unity shows the
existence of amide protons protected from exchange.
Thus, the burst-phase intermediate has the protected
amide protons, i.e. hydrogen-bonded secondary structure.
From the experiments at pH 6.6, the protection factors of
the amide protons in the burst-phase intermediate can be
estimated. As the assignment of the proton signals in the
COSY spectra of LA is not yet known, we can estimate
only the degree of the protection factors. First, the appar-
ent rate constants (kapp) of hydrogen exchange for the six
protons in the burst-phase intermediate were calculated to
be 0.8 s–1 from the proton occupancies at zero time. Sec-
ondly, the intrinsic exchange rates (kint) for the amide
protons in an unstructured polypeptide chain of bovine
LA were estimated by taking account of the primary-
structure effects on hydrogen exchange (averaged value of
kint = 10 s–1) [25]. Then, the protection factor Kp = kint / kapp
was estimated at 13. This value is higher than the protec-
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Figure 4
The COSY spectrum in the fingerprint region
of native holo-LA. Before the NMR
measurement, the protonated holo-LA in the
N state was dissolved in a deuterated buffer
and 8 h were allowed for the hydrogen
exchange in the presence of Ca2+. Only the
protons that did not exchange in this period
are shown. Since the assignment of COSY
peaks for bovine LA is not yet known, the
numbers printed in the figure are arbitrarily
assigned. The peaks of number 1 and 2 are
not NH–CH crosspeaks but the peaks for
the non-exchangeable protons covalently
bonded to carbon.
tion factor for the U state of lysozyme, a protein homolo-
gous to LA [26]. 
The above estimate of Kp is consistent with the proposal
that the burst-phase intermediate is identical with the MG
state and that the hydrogen exchange takes place through
a global unfolding of the MG state following reaction
scheme 3:
KAU kint K–1AU
MG U → U* MG*
(Scheme 3)
where KAU is the equilibrium constant between the MG
and U states, and * denotes the species after the hydrogen
exchange; because the formation of the MG state is very
rapid, occurring within the stopped-flow dead time, the
hydrogen exchange in the MG state is represented by
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Table 2
Apparent rate constants and proton occupancies at zero time
for six stable amide protons in refolding of apo-LA.
Amide Apparent rate Proton occupancy
proton constant (s–1) at zero time
P8 0.084 ± 0.035 0.86 ± 0.09
P18 0.071 ± 0.024 0.98 ± 0.09
P19 0.068 ± 0.034 1.07 ± 0.14
P20 0.057 ± 0.016 1.16 ± 0.08
P21 0.120 ± 0.032 1.00 ± 0.08
P22 0.061 ± 0.026 1.07 ± 0.10
In these measurements, a 2.5 s pulse at pH 7.0 was used. The
apparent rate constant of the refolding reaction measured by the
stopped-flow fluorescence technique in the same condition was
(5.620 ± 0.004) × 10–2 s–1.
Figure 5
The changes in the proton occupancy during
refolding for the peaks of (a) number 18 and
(b) number 22. The refolding reaction was
initiated by a concentration jump of GdnHCl
from 4 M to 0.4 M. Two kinds of labeling
pulse were used: a strong pulse (pH 7.0 and
2.5 s; open circles) and a weak pulse (pH 6.6
and 1.5 s; filled circles). Thick lines show the
fitting curves analyzed by equation 4, and the
rate constants are listed in Table 2. Thin lines
show the proton occupancies after the
refolding was complete, but they did not
converge to zero because of a small fraction
of H2O contained in the solutions.
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EX2 kinetics. From this scheme, the apparent rate con-
stant of hydrogen exchange is given by equation 1:
kapp =
KAU kint (1)1 + KAU
Therefore, the protection factor is given by equation 2:
Kp =
1 + KAU (2)
KAU
Substituting (7.5 ± 0.8) × 10–2 for KAU in the refolding con-
dition [23], we estimate the protection factor for the MG
state at 14 ± 1. Although the present calculations are very
approximate, the value agrees with the observed value for
the burst-phase intermediate, supporting the conclusion
that the burst-phase intermediate in LA refolding from
the U state is identical with the MG state.
Acrylamide quenching of tryptophan fluorescence
Acrylamide quenching of tryptophan fluorescence is very
discriminating in sensing the exposure of tryptophan
residues in globular proteins [27,28]. Since the MG state is
characterized by the formation of a hydrophobic core and
also by significant exposure of hydrophobic sidechains,
including tryptophan residues, to solvent, it is useful to
monitor the refolding reaction by the tryptophan fluores-
cence in the presence of acrylamide for the purpose of
further investigating the similarity or difference between
the early folding intermediate(s) and the equilibrium MG
state.
First, to estimate the degree of exposure of tryptophan
residues involved in the different states of apo-LA, the
tryptophan fluorescence intensity of apo-LA was mea-
sured in the presence of acrylamide. Figure 6 shows the
Stern–Volmer plot for apo-LA in the presence of 0–5 M
GdnHCl. The peak wavelength of the fluorescence
spectra was found not to be shifted significantly by the
presence of acrylamide, suggesting that the protein con-
formation is not be affected by acrylamide (data not
shown). Acrylamide quenching data are usually analyzed
according to the modified Stern–Volmer equation: 
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Table 3
Effective dynamic quenching constants for different states of
apo-LA.
[GdnHCl] (M) Conditions Ksveff
0.0 Equilibrium 2.48 ± 0.13
0.5 Equilibrium 2.92 ± 0.16
1.0 Equilibrium 3.24 ± 0.16
2.0 Equilibrium 4.53 ± 0.20
3.0 Equilibrium 4.58 ± 0.20
4.0 Equilibrium 4.37 ± 0.24
5.0 Equilibrium 4.37 ± 0.21
0.0 Neutral MG* 5.05 ± 0.20
0.5 Intermediate† 5.03 ± 0.51
0.5 Refolded‡ 2.82 ± 0.24
*The neutral MG state measured at equilibrium. †The burst-phase
intermediate measured in refolding experiments. ‡Measured after
refolding completed.
Figure 6
Stern–Volmer plots of apo-LA in various
conditions. F0 and F denote the fluorescence
intensities in the absence and presence of
acrylamide, respectively. Filled symbols with
error bars denote the values measured in
refolding experiments in the presence of
0.5 M GdnHCl, filled diamonds denote the
values obtained after the refolding was
complete, and filled circles denote the values
obtained by extrapolation of the refolding
curves to zero time. Open squares denote the
plot for the neutral MG state. Other symbols
denote the values measured at equilibrium in
the presence of GdnHCl at 0 M (open
triangles), 0.5 M (open diamonds), 1 M (open
circles with dot), 2 M (cross symbols), 3 M
(open circles), 4 M (plus symbols) and 5 M
(inverted open triangles). Lines were
calculated using equation 3 for the equilibrium
(solid line) and the kinetic (broken line)
measurements. The dashed-dotted line
denotes the fitting curve for the neutral MG
state.
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Fo = (1+KSV[Q]) exp(V[Q]) (3)F
where F0 and F are the fluorescence intensity in the
absence and presence of acrylamide, respectively, [Q] is
the concentration of acrylamide, and KSV and V are the
dynamic and static quenching constants, respectively
[27,28]. For proteins containing more than one tryptophan
residue, however, analysis of the quenching data with the
above equation is generally not feasible due to the hetero-
geneity of the emission. In such cases, the initial slope of
the plot of F0 / F against [Q] is taken as an effective
dynamic quenching constant, KSVeff. KSVeff is approxi-
mately equal to ΣƒiKi , where ƒi is the fractional contribu-
tion of the ith tryptophan residue to the total fluorescence
and Ki is the dynamic quenching constant for the residue
[27]. Since LA has four tryptophan residues, the KSVeff
values were calculated to evaluate the average degree of
exposure of the tryptophans in the different states (sum-
marized in Table 3). At a GdnHCl concentration above
2 M, KSVeff values were coincident with that for the U state
(5 M GdnHCl), indicating that the equilibrium MG state
in the presence of moderate concentrations of GdnHCl
(> 2 M) has the tryptophan residues as highly exposed to
solvent as in the U state. Stern–Volmer plots for these
states (shown in Fig. 6) exhibit upward curvature, suggest-
ing that all the tryptophan residues involved are nearly
equally accessible in these states [27]. The KSVeff value for
the neutral MG state in the absence of GdnHCl is also
similar to that for the U state, but the F0 / F values at
higher concentrations of acrylamide in the Stern–Volmer
plot are a little smaller than those in the U state (Fig. 6).
This suggests that some of the tryptophan residues in the
MG state may differ slightly in accessibility from the
others [27,28] and that the addition of a moderate concen-
tration of GdnHCl has made the tryptophan residues
equally exposed to solvent.
To estimate the degree of exposure of the tryptophan
residues in the burst-phase intermediate in refolding, the
refolding kinetics of LA were measured by the stopped-
flow fluorescence in the presence of acrylamide. The
refolding rate constants obtained in the presence of acry-
lamide were the same as those obtained in the absence of
acrylamide, indicating that acrylamide does not affect the
refolding kinetics of apo-LA. The F0 / F values at zero
time and those for the refolded protein are plotted against
the acrylamide concentration in Figure 6. The values for
the refolded protein in the presence of 0.5 M GdnHCl
agree well with those measured at 0.5 M GdnHCl in the
equilibrium condition (Fig. 6; Table 3), showing that the
refolding reaction was reversible. On the other hand, the
F0 / F values at zero time were the same as those for the
MG states at equilibrium within the experimental error
(Fig. 6; Table 3). This indicates that the burst-phase inter-
mediate formed within the dead time of the stopped-flow
apparatus has the tryptophan residues as highly exposed
to the solvent as in the MG state.
Discussion
We have investigated apo-LA refolding using various
spectroscopic methods combined with the stopped-flow
technique. The burst phase was observed when moni-
tored by the far UV CD and NMR hydrogen exchange but
not observed by tryptophan fluorescence. The rate con-
stants of the subsequent folding phase obtained by these
methods coincided with each other. The results show that
the intermediate in LA refolding detected by the
stopped-flow techniques is only the burst-phase interme-
diate. We discuss below the characteristics of the burst-
phase intermediate and the folding pathway of LA.
The burst-phase intermediate
From the present studies, the burst-phase intermediate is
characterized as follows. First, it has essentially the same
amount of secondary structure as the neutral MG state
(Fig. 2a), and the stability of the secondary structure in the
burst-phase intermediate against the GdnHCl-induced
unfolding transition is also identical with that in the MG
state (Fig. 3). Second, the degree of protection against
amide hydrogen exchange in the burst-phase intermediate
is comparable to that expected from the equilibrium con-
stant for the unfolding transition between the MG and U
states in the refolding conditions. Third, the burst-phase
intermediate does not have rigid sidechain packing
(Fig. 2b), and the accessibility of the tryptophan residues
to solvent in the burst-phase intermediate is the same as
in the MG state (Fig. 6). 
By comparing the stability of secondary structure between
the burst-phase intermediate and the MG state, we have
examined whether or not the burst-phase intermediate is
as compact as the equilibrium MG state. If a molecule
with substantial secondary structure is not compact but
extended, the secondary structure should be more unsta-
ble than the structure in the compact MG state because of
the absence of interactions between the secondary struc-
ture elements and thus unfold more easily. In fact, the iso-
lated fragments of the B and C helices of LA cannot
form stable helices [29], and similar phenomena were also
observed for the fragments of apomyoglobin [30,31], hen
egg-white lysozyme [32] and cytochrome c [33]. Disulfide-
reduced LA, which is known to be more expanded than
LA in the MG state, has less secondary structure, and its
hydrogen exchange rates are faster than those in the
neutral MG state of disulfide-intact LA ([34]; A Okazaki,
K Kuwajima, unpublished data). These observations
suggest that the interactions between the secondary struc-
ture elements are necessary for stabilization of the sec-
ondary structure. Since the secondary structure in the
burst-phase intermediate is as stable as in the MG state,
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the secondary structure in the burst-phase intermediate is
stabilized by the interactions between the secondary
structure elements and hence the burst-phase intermedi-
ate is as compact as the MG state. From these observa-
tions, we thus conclude that the burst-phase intermediate
in LA refolding is identical with the MG state.
Recently apo-LA refolding has been monitored by time-
resolved 1D NMR spectroscopy [35]. The NMR spectrum
obtained within 5 s after the refolding starts is practically
the same as that of the acidic MG state, indicating that the
transient folding intermediate of LA resembles the
acidic MG state in its overall structure and dynamics [35].
On the other hand, Radford et al. [36] have applied the
hydrogen exchange pulse labeling method to hen egg-
white lysozyme, a protein homologous to LA. Most pro-
tected protons in an early time of refolding spread on the
helices in the -domain of lysozyme [36]. If this is also the
case for LA, native-like helices in the -domain may be
formed in the burst-phase intermediate with the disrupted
-domain. This is consistent with the present and previ-
ous [4] data that the -helical secondary structure has
already been formed in the burst-phase intermediate.
Such a heterogeneous property of the equilibrium MG
state of LA has been reported [29,37–40].
Hydration and hydrophobic interactions in the MG state
The present acrylamide quenching data for the MG state
including the burst-phase intermediate show that the
tryptophan fluorescence in the MG state is as highly
quenched by acrylamide as in the U state. This does not,
however, mean that all the tryptophan residues are fully
exposed to solvent in the MG state because two of the
four tryptophans are known to be buried in the interior of
the molecule [41]. The present data rather indicate that
the acrylamide molecules and probably also water mole-
cules can access easily to hydrophobic residues in the
hydrophobic core which is present in the MG state (the
burst-phase intermediate) [17,29,37,41,42]. Thus, it is
likely that hydrophobic residues in the hydrophobic core
are still hydrated in the MG state. On the other hand,
Uchiyama et al. [43] have shown that amino acid substitu-
tions that introduce more hydrophobic residues into the
core of LA stabilize the MG state, apparently indicating
that the MG state is stabilized by hydrophobic interac-
tions. The changes in the stabilization free energy of the
MG state caused by the amino acid substitutions were,
however, less than 10% of the corresponding values
expected from the transfer free energies from water to
organic solvent [43]. This result together with our present
data suggests that the MG state has the hydrophobic core
but that the core is still highly hydrated [1,43,44]. 
To explain these data, we thus propose the hydrophobic
interactions between hydrated hydrophobic groups,
namely solvent-separated hydrophobic interactions, as a
plausible model for the interactions that stabilize the MG
state. Such a mode of the interactions would be particu-
larly important in cases where non-polar residues might be
unable to form specific contact interactions during early
stages of protein folding. The presence of water molecules
between hydrophobic groups in the hydrophobic core can
explain the nonspecific character of the hydrophobic inter-
actions that stabilize the MG state [1,43,44] and a little
expanded structure of the MG state [3]. It is also consis-
tent with the fact that the heat capacity change and the
cooperativity index for the unfolding transition from the
MG state are much smaller than those for the unfolding
transition from the N state [1,23,45]. 
The solvent-separated hydrophobic interactions have been
considered theoretically and experimentally in other biolog-
ical systems. Theoretical predictions by a semi-empirical,
integral equation theory and Monte Carlo simulations have
shown that while a contact hydrophobic interaction is the
most stable, the interaction separated by one water mole-
cule is still possible for non-polar solutes [46–48].
Israelachvili and Wennerström [49] have proposed by
recent experimental and theoretical results that forces
between hydration layers of non-polar solutes are attractive
or oscillatory. Thus, although the mechanisms of the
solvent-separated hydrophobic interactions have not yet
been well understood, such interactions may be present and
play an important role at an early stage of protein folding.
Folding pathway of LA
The transient folding intermediate in LA refolding
observed by the stopped-flow techniques is only the
burst-phase intermediate, i.e. the MG state. The subse-
quent folding phase after the formation of the MG state is
the cooperative two-state transition from the MG to the N
state, because the kinetics was well fitted to the single
exponential and the rate constants obtained by the differ-
ent optical methods and by the hydrogen exchange pulse
labeling experiments for different amide protons were
coincident with each other.
Engelhard and Evans [42] have recently reexamined the
ANS-binding experiments of protein folding done origi-
nally by Ptitsyn and co-workers [10,17] using a stopped-
flow double mixing technique. They have shown that
ANS binds to a transient folding intermediate tightly,
which may prevent the ANS-bound protein molecule
from further folding and hence affect the folding kinetics
[42]. By their double mixing experiments, the change in
ANS fluorescence intensity during refolding of human
holo-LA shows the maximum right after the dead time of
the stopped-flow apparatus, indicating that the formation
of the MG state with the hydrophobic core occurs within
the dead time [42]. Their results are thus consistent with
our present conclusion that the burst-phase intermediate
in LA refolding is the MG state.
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These observations showing a rapid hydrophobic collapse
thus seem to be consistent with the hydrophobic collapse
model (Scheme 1) and indicate the importance of the
hydrophobic interactions as one of the driving forces at the
early stage of protein folding. Our results also indicate that
the MG state forms earlier than was expected previously
by conventional ANS-binding experiments. However, the
present results do not exclude the possibility that such an
extended intermediate state as the S state might be
present before the formation of the MG state within
15 ms.
Recent theoretical and experimental studies have sug-
gested that proteins can fold from the U to the N state as a
two-state transition and that folding intermediates are
kinetically trapped or misfolded species [50,51]. In the
case of LA refolding, however, another folding pathway
(i.e. the fast track of folding) without intermediate states
was not observed and all molecules fold through the burst-
phase intermediate. Moreover, the burst-phase intermedi-
ate satisfies the requirements for being an on-pathway
folding intermediate postulated by Baldwin and co-
workers [7]. To resolve the issue of whether the MG state
is an obligatory on-pathway intermediate or not will be
one of the next major challenges in protein folding study.
Concluding remarks
We have investigated LA refolding using the stopped-
flow far UV CD and fluorescence and NMR hydrogen
exchange techniques. Only the burst-phase intermediate
was observed to form within 15 ms. The burst-phase inter-
mediate has the pronounced, hydrogen-bonded secondary
structure and the hydrophobic surface highly exposed to
solvent but lacks the rigid sidechain packing. Since the
secondary structure in the burst-phase intermediate is as
stable as in the equilibrium MG state, the burst-phase
intermediate should be as compact as the MG state. Thus,
we conclude that the burst-phase intermediate in LA
refolding is the MG state. Because the MG state has the
hydrated hydrophobic residues in the hydrophobic core, it
may be stabilized by the solvent-separated hydrophobic
interactions. After the formation of the MG state, LA
refolds to the N state as a two-state transition between the
MG and the N states without other intermediates.
Materials and methods 
Materials
Bovine LA and its apo-form were prepared as described [4,34].
GdnHCl and acrylamide were specially prepared reagent grade for bio-
chemical use and for electrophoresis, respectively, from Nakarai
Tesque, Inc. (Kyoto, Japan). Other chemicals were guaranteed reagent
grade. Details of determination of the concentrations of the protein and
GdnHCl are also described in [4]. The contamination of the protein
solutions with Ca2+ was checked by using Quin-2 from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan) [52] and was estimated at
less than 0.4% Ca2+ ion per one protein molecule. Solutions were fil-
tered through membrane filters (pore size 0.45 m) before measure-
ments. All solutions contained 50 mM sodium cacodylate, 50 mM NaCl
and 1 mM EGTA ([Na+] = 0.1 M) at pH 7.0 except for the neutral MG
state (20 mM Tris-HCl and 1 mM EGTA at pH 8.0). The pH values
reported in this paper were pH meter readings at room temperature.
CD measurements
Equilibrium and kinetic CD measurements were carried out in a Jasco
J-720 spectropolarimeter which was calibrated with ammonium d-10-
camphorsulfonate. The temperature of the cuvette for equilibrium mea-
surements and that of the stopped-flow apparatus for CD,
fluorescence and pulse labeling measurements were controlled by cir-
culating water. All experiments were done at 25°C unless specified.
For calculation of the mean residue molar ellipticity, [], the mean
residue weight of 115 was used for bovine LA. Cuvettes with a 1 mm
and a 1 cm path length were used for the far and near UV regions,
respectively.
The stopped-flow apparatus attached to the spectropolarimeter was
the same as previously described (volume ratio 1:10, optical path
length 1 mm, dead time 15 ms at a driving pressure of 4 atm) [8]. The
time constant was chosen to be 15 ms and 100 ms for the measure-
ments of the early and late processes in refolding, respectively. The
refolding reactions were initiated by mixing the unfolded protein solu-
tions in 5 M GdnHCl with the refolding buffer solutions that contained
appropriate amounts of GdnHCl to give the final folding conditions.
The protein concentrations for the equilibrium and kinetic experiments
were 35 M and 24–29 M, respectively. 
Fluorescence measurements
Equilibrium and kinetic fluorescence measurements were carried out in
a stopped-flow spectrofluorometer specially designed and constructed
by Unisoku Inc. (Osaka, Japan). The excitation wavelength was 295 nm
(spectral band width 3.5 nm) and the emission light at wavelength less
than 320 nm was cut off through a UV32 filter (HOYA, Ltd., Japan). In
the equilibrium measurements, both of the two reservoirs of the
stopped-flow apparatus were filled with the sample protein solution,
the solution was introduced into the optical cuvette, and the fluores-
cence intensity was measured after the intensity showed the steady
value.
The stopped-flow apparatus attached to the spectrofluorometer was
the same as described (volume ratio 1:9–11, optical path-length of the
cylindrical cuvette 2 mm, dead time 2.4 ms at a driving pressure of
4 atm) [53]. The time constant was chosen to be 2–5 ms and 20 ms
for the measurements of the early and late processes in refolding,
respectively. The refolding reactions were initiated as described in
stopped-flow CD measurements. The protein concentrations for the
equilibrium and kinetic experiments were 1.6 M and 0.6–6.7 M,
respectively.
Equilibrium and kinetic fluorescence measurements for the solutions
containing acrylamide were corrected taking account of the ‘inner filter
effect’, i.e. the attenuation of excitation intensity by the added acry-
lamide. This correction was made by multiplying the measured fluores-
cence intensity by a factor of 2.303 A / 1—10—A, where A is the
absorbance of a solution at the excitation wavelength (295 nm) with
the 2 mm light path [41]. The refolding reactions in the presence of
acrylamide were initiated by mixing the unfolded protein solutions in
5 M GdnHCl with the buffer solutions that contained appropriate
amounts of acrylamide without GdnHCl to give the final folding condi-
tions. The protein concentration in the presence of acrylamide was
4.9–6.4 M for the equilibrium measurements and 6.1 M for the
kinetic measurements.
Hydrogen exchange pulse labeling
The hydrogen exchange pulse labeling experiments were done at 25°C
using a rapid mixing pulsed quenched-flow apparatus described in
[54]. Deuterated LA was initially dissolved in an unfolding buffer (4 M
GdnDCl, 50 mM sodium cacodylate, 50 mM NaCl and 1 mM EDTA in
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D2O at pD 7.0). The pD is the pH reading of glass electrode without
correction for isotope effect. Refolding was initiated by 10-fold dilution
of the protein solution by a refolding buffer (50 mM sodium cacodylate,
50 mM NaCl and 1 mM EDTA in D2O at pD 7.0). After variable refold-
ing time (1–100 s) the solution was again diluted 10-fold by a pulse
labeling buffer (50 mM sodium cacodylate, 50 mM NaCl and 1 mM
EDTA in H2O at pH 6.6 or 7.0). After the duration of the pulse (1.5 or
2.5 s) the solution was then diluted 1.1-fold with the quenching solu-
tion leading to the complete refolding condition; the solution contained
110 mM CaCl2 and an appropriate amount of HCl to give the final pH
of 6.0. The stabilization of the protein by CaCl2 (10 mM) quenched the
further hydrogen exchange. Protein samples were concentrated and
the buffer was exchanged for 0.1 M NaCl-DCl and 10 mM CaCl2 in
D2O at pD 7.0 by ultrafiltration at 4°C.
2D NMR spectroscopy
The COSY spectrum of each sample was obtained on a General Elec-
tric GN-Omega 500 at Stanford University, operating at a proton fre-
quency of 500.13 MHz; 256 blocks of t1 data, each consisting of 80
summed scans, were collected in approximately 6 h 26 min. The
recycle delay was 1 s, the spectral width was 8000 Hz, and 1024 real
data points were acquired in t2. The temperature was maintained at
25°C. The protein concentration for the NMR measurements was
1 mM.
Data analysis for 2D NMR measurements
Volume integrals of COSY crosspeaks were measured by numerical
integration using FELIX (Hare Research, Woodinville, WA), and the rel-
ative peak volumes that were the ratios of the peak volumes of the
amide protons to the peak volumes of the two non-exchangeable
protons (P1 and P2 in Fig. 4) were calculated. Proton occupancy of
each CH–NH crosspeak was normalized to the peak volume of the
corresponding peak in the COSY spectrum of holo-LA (Fig. 4) for
which COSY crosspeak intensities were taken to correspond to 100%
proton occupancy.
Kinetic data analysis
The kinetic data were fitted by the method of nonlinear least-squares
with equation 4:
∆A(t) = ∆A(∞) + Σ ∆Aie–kapp,it (4)
i
where ∆A(t) and ∆A(∞) are the observed changes in the CD ellipticity,
fluorescence intensity or proton occupancy at time t and infinite time,
respectively; kapp,i is the apparent first-order rate constant of the ith
kinetic phase, and ∆Ai is the change in the CD ellipticity, fluorescence
intensity or proton occupancy in the ith phase. 
Note added in proof
Recently, isolated fragments of the B and C helices of
bovine LA have been studied in detail by Shimizu et al.
[55]. They have shown that the B and C helices are intrin-
sically unstable and that these helices may be stabilized in
the MG state by non-local interactions between secondary
structure elements. These data indicate that if the sec-
ondary structure is stable, then the protein molecule is
compact, supporting our conclusions.
Acknowledgements
We thank Buzz Baldwin for the use of the quenched-flow apparatus and the
NMR instrument at Stanford University, J Martin Scholtz, Doug Barrick,
David A Schultz, and Virginia Robbins for their help in the hydrogen
exchange pulse labeling and NMR experiments, which were done at Stan-
ford during a short stay by K Kunihiro in the laboratory of Buzz Baldwin. We
thank Masamichi Ikeguchi for sending the raw data of his previous work and
also Mitsunori Ikeguchi for the fruitful discussion about hydrophobic interac-
tions from a theoretical aspect. This work was supported by a grant (RG-
331/93M) from the International Human Frontier Science Program (HFSP)
Organization and by Grants-in-Aid for Scientific Research from the Ministry
of Education, Culture and Science of Japan.
References
1. Kuwajima, K. (1989). The molten globule state as a clue for under-
standing the folding and cooperativity of globular-protein structure.
Proteins 6, 87–103.
2. Ptitsyn, O.B. (1987). Protein folding: hypotheses and experiments. J.
Protein Chem. 6, 273–293.
3. Ptitsyn, O.B. (1992). The molten globule state. In Protein Folding.
(Creighton, T.E., ed) W.H. Freeman and Company, New York , pp.
243–300.
4. Kuwajima, K., Hiraoka, Y., Ikeguchi, M. & Sugai, S. (1985). Compari-
son of the transient folding intermediates in lysozyme and -lactalbu-
min. Biochemistry 24, 874–881.
5. Ikeguchi, M., Kuwajima, K., Mitani, M. & Sugai, S. (1986). Evidence for
identity between the equilibrium unfolding intermediate and a transient
folding intermediate: a comparative study of the folding reactions of -
lactalbumin and lysozyme. Biochemistry 25, 6965–6972.
6. Jennings, P.A. & Wright, P.E. (1993). Formation of a molten globule
intermediate early in the kinetic folding pathway of apomyoglobin.
Science 262, 892–896.
7. Loh, S.N., Kay, M.S. & Baldwin, R.L. (1995). Structure and stability of a
second molten globule intermediate in the apomyoglobin folding
pathway. Proc. Natl. Acad. Sci. USA 92, 5446–5450.
8. Kuwajima, K., Yamaya, H., Miwa, S., Sugai, S. & Nagamura, T. (1987).
Rapid formation of secondary structure framework in protein folding
studied by stopped-flow circular dichroism. FEBS Lett. 221, 115–118.
9. Baldwin, R.L. (1993). Pulsed H/D-exchange studies of folding interme-
diates. Curr. Opin. Struct. Biol. 3, 84–91.
10. Ptitsyn, O.B., Pain, R.H., Semisotnov, G.V., Zerovnik, E. & Razgulyaev,
O.I. (1990). Evidence for a molten globule state as a general interme-
diate in protein folding. FEBS Lett. 262, 20–24.
11. Eliezer, D., Jennings, P.A., Wright, P.E., Doniach, S., Hodgson, K.O. &
Tsuruta, H. (1995). The radius of gyration of an apomyoglobin folding
intermediate. Science 270, 487–488.
12. Kuwajima, K. (1996). The molten globule state of -lactalbumin.
FASEB J. 10, 102–109.
13. Dill, K.A. (1985). Theory for the folding and stability of globular pro-
teins. Biochemistry 24, 1501–1509.
14. Dill, K.A. (1990). Dominant forces in protein folding. Biochemistry 29,
7133–7155.
15. Dill, K.A., et al., & Chan, H.S. (1995). Principles of protein folding—a
perspective from simple exact models. Protein Sci. 4, 561–602.
16. Ptitsyn, O.B. (1995). Molten globule and protein folding. Adv. Protein
Chem. 47, 83–229.
17. Semisotnov, G.V., Rodionova, N.A., Razgulyaev, O.I., Uversky, V.N.,
Gripas, A.F. & Gilmanshin, R.I. (1991). Study of the ‘molten globule’
intermediate state in protein folding by a hydrophobic fluorescent
probe. Biopolymers 31, 119–128.
18. Semisotnov, G.V., Rodionova, N.A., Kutyshenko, V.P., Ebert, B.,
Blanck, J. & Ptitsyn, O.B. (1987). Sequential mechanism of refolding of
carbonic anhydrase B. FEBS Lett. 224, 9–13.
19. Hiraoka, Y. & Sugai, S. (1985). Equilibrium and kinetic study of
sodium- and potassium-induced conformational changes of apo--lac-
talbumin. Int. J. Pept. Protein Res. 26, 252–261.
20. Kuwajima, K., Mitani, M. & Sugai, S. (1989). Characterization of the
critical state in protein folding. Effects of guanidine hydrochloride and
specific Ca2+ binding on the folding kinetics of -lactalbumin. J. Mol.
Biol. 206, 547–561.
21. Sommers, P.B., Kronman, M.J. & Brew, K. (1973). Molecular conforma-
tion and fluorescence properties of -lactalbumin from four animal
species. Biochem. Biophys. Res. Commun. 52, 98–105.
22. Sommers, P.B. & Kronman, M.J. (1980). Comparative fluorescence
properties of bovine, goat, human and guinea pig -lactalbumin. Char-
acterization of the environments of individual tryptophan residues in
partially folded conformers. Biophys. Chem. 11, 217–232.
23. Ikeguchi, M., Kuwajima, K. & Sugai, S. (1986). Ca2+-induced alteration
in the unfolding behavior of -lactalbumin. J. Biochem. 99,
1191–1201.
24. Antonino, L.C., Kautz, R.A., Nakano, T., Fox, R.O. & Fink, A.L. (1991).
Cold denaturation and 2H2O stabilization of a staphylococcal nuclease
286 Folding & Design Vol 1 No 4
mutant. Proc. Natl. Acad. Sci. USA 88, 7715–7718.
25. Bai, Y., Milne, J.S., Mayne, L. & Englander, S.W. (1994). Protein stabil-
ity parameters measured by hydrogen exchange. Proteins 20, 4–14.
26. Buck, M., Radford, S.E. & Dobson, C.M. (1994). Amide hydrogen
exchange in a highly denatured state. Hen egg-white lysozyme in urea.
J. Mol. Biol. 237, 247–254.
27. Eftink, M.R. & Ghiron, C.A. (1976). Exposure of tryptophanyl residues
in proteins. Quantitative determination by fluorescence quenching
studies. Biochemistry 15, 672–680.
28. Eftink, M.R. & Ghiron, C.A. (1981). Fluorescence quenching studies
with proteins. Analyt. Biochem. 114, 199–227.
29. Chyan, C.L., Wormald, C., Dobson, C.M., Evans, P.A. & Baum, J.
(1993). Structure and stability of the molten globule state of guinea-
pig -lactalbumin: a hydrogen exchange study. Biochemistry 32,
5681–5691.
30. Hughson, F.M., Wright, P.E. & Baldwin, R.L. (1990). Structural charac-
terization of a partly folded apomyoglobin intermediate. Science 249,
1544–1548.
31. Hughson, F.M., Barrick, D. & Baldwin, R.L. (1991). Probing the stability
of a partly folded apomyoglobin intermediate by site-directed mutagen-
esis. Biochemistry 30, 4113–4118.
32. Yang, J.J., et al., & Radford, S.E. (1995). Conformational properties of
four peptides spanning the sequence of hen lysozyme. J. Mol. Biol.
252, 483–491.
33. Kuroda, Y. (1993). Residual helical structure in the C-terminal frag-
ment of cytochrome c. Biochemistry 32, 1219–1224.
34. Okazaki, A., Ikura, T., Nikaido, K. & Kuwajima, K. (1994). The chaper-
onin GroEL does not recognize apo--lactalbumin in the molten
globule state. Nat. Struct. Biol. 1, 439–446.
35. Balbach, J., Forge, V., Van Nuland, N.A.J., Winder, S.L., Hore, P.J. &
Dobson, C.M. (1995). Following protein folding in real time using NMR
spectroscopy. Nat. Struct. Biol. 2, 865–870.
36. Radford, S.E., Dobson, C.M. & Evans, P.A. (1992). The folding of hen
lysozyme involves partially structured intermediates and multiple path-
ways. Nature 358, 302–307.
37. Alexandrescu, A.T., Evans, P.A., Pitkeathly, M., Baum, J. & Dobson,
C.M. (1993). Structure and dynamics of the acid-denatured molten
globule state of -lactalbumin: a two-dimensional NMR study. Bio-
chemistry 32, 1707–1718.
38. Peng, Z. & Kim, P.S. (1994). A protein dissection study of a molten
globule. Biochemistry 33, 2136–2141.
39. Wu, L.C., Peng, Z. & Kim, P.S. (1995). Bipartite structure of the -lac-
talbumin molten globule. Nat. Struct. Biol. 2, 281–286.
40. Schulman, B.A., Redfield, C., Peng, Z.Y., Dobson, C.M. & Kim, P.S.
(1995). Different subdomains are most protected from hydrogen
exchange in the molten globule and native states of human -lactalbu-
min. J. Mol. Biol. 253, 651–657.
41. Lala, A.K. & Kaul, P. (1992). Increased exposure of hydrophobic
surface in molten globule state of -lactalbumin. Fluorescence and
hydrophobic photolabeling studies. J. Biol. Chem. 267,
19914–19918.
42. Engelhard, M. & Evans, P.A. (1995). Kinetics of interaction of partially
folded proteins with a hydrophobic dye: evidence that molten globule
character is maximal in early folding intermediates. Protein Sci. 4,
1553–1562.
43. Uchiyama, H., Perez-Prat, E.M., Watanabe, K., Kumagai, I. & Kuwajima,
K. (1995). Effects of amino acid substitutions in the hydrophobic core
of -lactalbumin on the stability of the molten globule state. Protein
Eng. 8, 1153–1161.
44. Kuwajima, K. (1992). Protein folding in vitro. Curr. Opin. Biotechnol. 3,
462–467.
45. Yutani, K., Ogasahara, K. & Kuwajima, K. (1992). The absence of the
thermal transition in apo--lactalbumin in the molten globule state: a
study by differential scanning microcalorimetry. J. Mol. Biol. 228,
347–350.
46. Pratt, L.R. & Chandler, D. (1977). Theory of the hydrophobic effect. J.
Chem. Phys. 67, 3683–3704.
47. Pangali, C. & Berne, B.J. (1979). A Monte Carlo simulation of the
hydrophobic interaction. J. Chem. Phys. 71, 2975–2981.
48. Zichi, D.A. & Rossky, P.J. (1985). The equilibrium solvation structure
for the solvent-separated hydrophobic bond. J. Chem. Phys. 83,
797–808.
49. Israelachvili, J.N. & Wennerström, H. (1996). Role of hydration and
water structure in biological and colloidal interactions. Nature 379,
219–225.
50. Baldwin, R.L. (1995). The nature of protein folding pathways: the clas-
sical versus the new view. J. Biomol. NMR 5, 103–109.
51. Fersht, A.R. (1995). Optimization of rates of protein folding: the nucle-
ation-condensation mechanism and its implications. Proc. Natl. Acad.
Sci. USA 92, 10869–10873.
52. Nitta, K. & Watanabe, A. (1991). Determination of calcium ions tightly
bound to proteins. J. Chromatogr. 585, 173–176.
53. Katsumata, K., Okazaki, A. & Kuwajima, K. (1996). Effect of GroEL on
the refolding kinetics of -lactalbumin. J. Mol. Biol. 258, 827–838.
54. Cash, D.J. & Hess, G.P. (1981). Quenched flow technique with
plasma membrane vesicles: acetylcholine receptor-mediated trans-
membrane ion flux. Analyt. Biochem. 112, 39–51.
55. Shimizu, A., Ikeguchi, M., Kobayashi, T. & Sugai, S. (1996). A synthetic
peptide study on the molten globule of -lactalbumin. J. Biochem.
119, 947–952.
Research Paper Folding pathway of -lactalbumin Arai and Kuwajima    287
Because Folding & Design operates a ‘Continuous Publication
System’ for Research Papers, this paper has been published
via the internet before being printed. The paper can be found
in the BioMedNet library at http://BioMedNet.com/ — for
further information, see the explanation on the contents page.
